1. Introduction {#s0005}
===============

Skilled reading ability relies on the integration of information between widespread cortical regions with notable left-hemisphere lateralization of most functions within this network ([@bb0220], [@bb0370]). The development of reading is a complex process involving the intersecting forces of brain maturation and education. Consequently, neurological trauma during the developmental period where reading skills are acquired can negatively affect both skills that have been mastered and skills that are still to be learned ([@bb0350]). In neurodevelopmental disorders, such as dyslexia, atypical maturation of the left frontal and posterior Perisylvian cortical regions, and the white matter bundles connecting those regions, has been linked to deficits in reading skills ([@bb0240], [@bb0295], [@bb0310], [@bb0370], [@bb0375]). Unlike children with neurodevelopmental reading disabilities, the majority of children with a traumatic brain injury (TBI) have a history of typically developing white matter pathways and reading ability prior to injury. Despite this typical history, children often demonstrate long-lasting deficits in word decoding, reading fluency, and comprehension following TBI ([@bb0010], [@bb0025]). Therefore, TBI provides a model for examining the relation between changes in white matter and acquired reading deficits in the developing brain. Analysis of pathway integrity and reading ability following TBI may reveal information about separable neurological networks underlying specific reading abilities, such as sight word identification, phonemic decoding, reading fluency, and comprehension of passages.

1.1. Models of reading {#s0025}
----------------------

In relation to reading words, the hypothesis that words are read through dual processes was initially proposed by [@bb0215]. These cognitive models propose one route for grapheme--phoneme decoding of words and another route where words are identified by sight based on orthography. [@bb0070] developed the Dual Route Cascaded Model which proposes that simultaneous attempts at word reading are undertaken by quasi-independent dual routes. This model includes a lexical route, sometimes referred to as the direct route, by which words are identified by their orthographic form and directly associated with semantic meaning. This is the route through which skilled readers identify and read common words that have been frequently encountered in the past. The second is an indirect route through which words are first broken down and decoded using a grapheme-to-phoneme conversion system to read novel words through phonemic decoding. In the skilled reader, these two large, reading networks interact to increase speed of reading text, creating a more efficient reading system ([@bb0070]). This cognitive model has received some support from studies of developmental dyslexia and of word reading in typically developing children. In both populations, there are dissociable differences in the use of direct access versus phonological decoding strategies for decoding regular and irregular words as well as nonwords ([@bb0055], [@bb0315]), However, the heterogeneity of word decoding strategies in both disordered and typically developing samples of different ages ([@bb0290], [@bb0425]) may limit the extension of the model directly to acquired reading deficits in children and adolescents ([@bb0050]).

Several neurological models of reading skills have proposed dorsal, ventral, and anterior neurological substrates believed to contribute to different aspects of word reading, fluency, and comprehension. Based on findings from several functional imaging studies, Pugh and colleagues ([@bb0090], [@bb0295]) proposed a dual circuit model of word reading for alphabetic languages with opaque orthography, such as English, in which phonemic decoding was associated with a dorsal route involving temporo-parietal and anterior brain regions, including the angular gyrus and superior temporal gyrus. A ventral route was also proposed that includes the inferior occipito-temporal area and is more associated with skilled sight word reading. An anterior termination and processing center was also proposed that is involved specifically in the articulation and oral reading aspects of reading ability. This substrate involves the inferior frontal gyrus and is the termination point of both pathways, presumably through the arcuate portion of the superior longitudinal fasciculus and the inferior fronto-occipital fasciculus in the pars orbitalis and triangularis. Taken together, Pugh\'s neuroanatomical model and Coltheart\'s cognitive reading model suggest that sight words are most efficiently processed by the direct or ventral route, while words requiring phonemic decoding or phonemically decoded pseudowords would rely on the indirect or dorsal route. The Dual Route Cascaded Model suggests that these pathways compete for word recognition, resulting in a "horse race" for quickly identifying a word ([@bb0125]).

1.2. Functional Magnetic Resonance Imaging (fMRI) studies of reading {#s0030}
--------------------------------------------------------------------

A meta-analysis of functional imaging studies involving word reading revealed some evidence of individualized activation to differentiate the indirect route from the direct route; however, there was not clear support for areas solely associated with the direct route ([@bb0160]). This may either indicate that a unique pathway for the direct route does not exist, or is activated regardless of the word task presented. The latter is consistent with a dual route model as described above. Consequently, functional imaging studies using a traditional baseline versus activity model may not provide specific enough information about the relation between direct sight reading and the primary direct route of that information through the neural reading network.

Alternatively, approaches to studying reading pathways using dynamic causal modeling allow for further parsing of pathways into unique components. Using dynamic causal modeling, Mechelli and colleagues have identified unique, effective connectivity between the posterior fusiform and dorsal premotor area for pseudowords and between the anterior fusiform and pars triangularis for exception words [@bb0230]. This pattern is consistent with a dual pathway model for word reading and with the Dual Route Cascaded Model.

Unlike individual word reading ability, which has been studied extensively in functional imaging studies, reading fluency and comprehension have received only limited fMRI investigation. In particular, the study of reading fluency is inherently difficult with functional imaging procedures, where it is difficult to individualize the speed of stimulus presentation and measure changes in activity while providing the participant with the means to pace their own reading. However, Mechelli and colleagues identified that activation in areas of the occipital lobe, fusiform gyrus, temporal-occipital junction, and precentral gyrus were rate-sensitive to the presentation of single words or pseudowords ([@bb0235]).

With regards to reading comprehension, functional imaging of skilled adult readers has revealed involvement of the occipitotemporal junction, middle and superior temporal gyri, and the inferior frontal gyrus in sentence comprehension ([@bb0075]). In addition, in this study increased sentence complexity was associated with increased activation in the inferior frontal gyrus and superior temporal gyrus. Functional imaging of reading comprehension disorders has also revealed that areas of frontal activation near the inferior frontal gyrus are also related to poor reading comprehension ([@bb0080]). Functional studies of typical readers have also revealed involvement of cortical areas associated with proposed ventral, dorsal, and anterior networks during reading comprehension ([@bb0250]). Furthermore, in this study, areas of increased activation during strategic reading comprehension also included brain regions associated with executive functioning and cognitive control, including the anterior cingulate gyrus. As such, the functional imaging research in reading fluency and comprehension seem to indicate that these skills rely on broadly defined ventral, dorsal, and anterior cortical areas for skilled and fluid reading, consistent with existing neurological pathway models ([@bb0295]).

1.3. Diffusion tensor imaging of reading pathways {#s0035}
-------------------------------------------------

As the reading networks of the brain are widespread, the efficiency of the reading system may hinge on the efficiency by which information can travel between cortical areas implicated in reading ([@bb0160], [@bb0200], [@bb0280], [@bb0345]). Damage that results in reduced integrity of white matter along these networks will likely reduce reading efficiency. Therefore, the white matter bundles connecting cortical areas related to reading may serve as biomarkers of performance and further, may allow for the identification of specific white matter tracts associated with the dorsal and ventral informational streams associated with specific functions ([@bb0375]).

The integrity of large white matter bundles in the brain can be estimated through the use of Diffusion Tensor Imaging (DTI) methods. This approach involves measurement of the diffusion of water in tissues to estimate density of structures and directionality of white matter pathways ([@bb0030]). The common diffusion metrics derived from this method, particularly fractional anisotropy (FA) and mean diffusivity (MD) provide information regarding myelination and axonal integrity ([@bb0245], [@bb0330]).

DTI has been used to examine the white matter substrates associated with reading performance. Studies of children with dyslexia and typically developing children have identified reduced FA in a variety of pathways and regions implicated in reading performance. In addition to left Perisylvian regions ([@bb0190], [@bb0310]), microstructural differences related to reading performance have been reported in commissural pathways, the superior longitudinal fasciculus, inferior longitudinal fasciculus, and the inferior frontal occipital fasciculus ([@bb0035], [@bb0080], [@bb0095], [@bb0130]: [@bb0200]) as well as in connectivity of other regions including thalamocortical ([@bb0115]) and cerebellar ([@bb0340]) pathways.

DTI methods have been employed in identifying white matter pathways associated with word reading in typically developing and dyslexic populations. Despite variability between studies, review of findings in both typical and impaired readers has revealed that the integrity of the superior longitudinal fasciculus and the inferior fronto-occipital fasciculus have frequently been implicated in word reading ability ([@bb0130], [@bb0370]). The superior longitudinal fasciculus has been implicated in multiple region-of-interest reading studies for individual words ([@bb0045], [@bb0135], [@bb0420]). Voxel-based analysis of the inferior fronto-occipital fasciculus, inferior longitudinal fasciculus and the superior longitudinal fasciculus have revealed correlations with word reading in both typical and dyslexic readers ([@bb0145], [@bb0260], [@bb0335]). Similarly, tractography studies suggest involvement of the inferior fronto-occipital fasciculus or inferior longitudinal fasciculus as well as the superior longitudinal fasciculus in word reading ability ([@bb0375], [@bb0415]).

The physical integrity of these two white matter bundles may be related to the direct and indirect routes for word reading. Within a dyslexic population, [@bb0375] identified separable associations between the pathways associated with the ventral, direct route (inferior fronto-occipital fasciculus) and the dorsal, indirect route (superior longitudinal fasciculus). This appears to be the first DTI study to doubly dissociate these two pathways and the theoretically separable functions of sight word reading and phonemic decoding. However, as the relation between DTI metrics and reading abilities can vary between populations of interest ([@bb0130]), it is unknown if this relation holds in the acquired deficits associated with TBI. With regard to reading fluency, voxel-based DTI analysis with healthy adolescent and adult readers has correlated reading fluency with FA in the frontal lobes, suggesting a larger frontal lobe involvement in reading fluency than in individual word reading ([@bb0200]). Consistent with studies of speeded performance across a range of tasks ([@bb0365]), dysfluent readers demonstrated a pattern of lower FA in voxels of the superior longitudinal fasciculus and inferior longitudinal fasciculus ([@bb0200]).

Reading comprehension has been similarly correlated with integrity of the superior longitudinal fasciculus ([@bb0045]). However, reading comprehension is a complexly determined skill that is related to several supporting abilities, including working memory and processing speed ([@bb0040], [@bb0065], [@bb0400]). Reading comprehension may, therefore, rely on a combination of intact white matter pathways. Previous TBSS research with older adolescents has revealed that mean FA of both the superior longitudinal fasciculus and inferior longitudinal fasciculus are associated with reading comprehension ([@bb0145]). While not specifically investigated in previous reading studies, the cingulum bundle, which has been implicated in executive function skills, including working memory and processing speed, may support reading fluency and/or comprehension ([@bb0275]).

1.4. Traumatic brain injury (TBI) {#s0040}
---------------------------------

TBI initiates a cascade of pathological cellular processes that may produce diffuse and/or multifocal insult. Axonal injury can occur as a consequence of the immediate, direct acceleration forces as well as by subsequent neurochemical and metabolic cascades and apoptotic processes ([@bb0285], [@bb0305]). Cumulatively, these injuries may result in shearing and reduced integrity of white matter pathways and interrupt maturation of white matter ([@bb0110]). Due to its sensitivity to white matter change, DTI has become a valuable method for integrating indices of microstructural damage in specific pathways with cognitive outcomes associated with TBI ([@bb0165], [@bb0175], [@bb0205], [@bb0255]). In children with TBI, white matter damage has been associated with significant behavioral and cognitive deficits which are related to the location and extent of the white matter injury ([@bb0110], [@bb0165], [@bb0225], [@bb0410]).

Academic deficits are among the most common and disabling, particularly deficits in reading ([@bb0105], [@bb0155], [@bb0180]). Reading problems acquired through TBI often persist for years post-injury, with impairment in reading ability being common even five years after insult ([@bb0060]). Recent meta-analysis of educational outcomes has also demonstrated that reading deficits persist with little evidence of recovery among those with severe injuries between the 5 months post-injury and 24 months, whereas other academic skills, such as math ability, show some recovery of during this period ([@bb0380]). White matter in the frontal lobes has been associated with performance on tasks of reading and executive functioning in the TBI population ([@bb0005]). In addition, the integrity of the cingulum bundle has been implicated in speeded task performance and working memory in TBI, though not with performance in word-reading ([@bb0395]). It is currently unknown how microstructural changes in white matter pathways may affect specific reading abilities. Due to the sparse literature, there are no clear white matter biomarkers that might help predict reading outcomes in TBI.

1.5. Present study {#s0045}
------------------

The purpose of the current study was to investigate whether white matter integrity as measured by Tract-Based Spatial Statistics at 3 months after TBI, predicts reading outcomes at 12 months post-injury. Pathways were selected a priori based on developmental imaging studies and on cognitive models of reading performance. Using pediatric TBI as a model for acquired reading deficits, three left-sided white matter pathways were selected as possible predictors of phonemic decoding and sight word reading, as well as reading fluency and comprehension.

The first aim of the study was to identify if patterns of reduced white matter integrity and acquired reading deficits were consistent with a dual pathway model of word reading ability. Using the theoretical model of dual pathways suggested by [@bb0375], we hypothesized that the superior longitudinal fasciculus, with its dorsal path, would predict performance on phonemic decoding tasks, while the integrity of the inferior fronto-occipital fasciculus, a major ventral pathway associated with word reading, would predict performance on sight word tasks.

The second aim was to investigate if fluency and comprehension could be linked with specific white matter pathways. Based on the few structural neuroimaging studies, we hypothesized that reduced integrity of the superior longitudinal fasciculus, cingulum bundle, and inferior fronto-occipital fasciculus after TBI would predict fluency and comprehension of reading connected text.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0050}
-----------------

All participants were hospitalized at an urban Level One Trauma Center for either a TBI or orthopedic injury (OI). The pool of participants was drawn from a larger study pool of 119 children recruited for a prospective, longitudinal study of academic outcomes following TBI. Of these, three were removed for not meeting exclusion criteria after consent, 13 did not participate in an MRI session, 13 had a bad acquisition due to motion or artifact, three withdrew from the study, and 13 failed to participate in the 12 month neuropsychological testing session. The remaining 74 participants included 39 children with TBI and 35 with OI. Children with OI were included as a comparison group due to factors such as stress, pain, hospitalization, and loss of school time which are associated with severe injuries.

Inclusionary criteria for children with TBI were (a) hospitalization following complicated mild, moderate, or severe TBI resulting from acceleration-deceleration or blunt impact injuries caused by vehicular accidents, falls, or impact with a blunt object; (b) no history of previous TBI; (c) primarily English-speaking or bilingual; (d) residing within the 125 mile radius of the catchment area; and (e) no known premorbid neurologic, metabolic, major developmental, or psychiatric disorders that would interfere with assessment of the impact of TBI on outcomes. An orthopedic injury group was included as a comparison to factor for confounding variables such as pain, length of absence from school, and psychological trauma following injury. The OI group met inclusionary criteria (b) through (e). Additionally, they had to be hospitalized for their injuries and have an absence of facial injuries so as to minimize the possibility of co-occurring mild TBI. Participants in both groups were also screened with the 2 subtest Wechsler Abbreviated Scale of Intelligence (WASI; [@bb9005]). Three participants were removed for scores on the WASI that fell greater than two standard deviations below the mean.

2.2. Procedure {#s0055}
--------------

Participants were recruited and consented following procedures approved by the University of Texas Health Science Center at Houston\'s Committee for the Protection of Human Subjects. Structural T1, T2, and DTI sequences were completed at approximately 3 months from injury ([Table 2](#t0010){ref-type="table"}). Neuropsychological testing was completed around 12 months from injury. Participants were tested by a trained examiner. All images were reviewed by a board certified radiologist (LK) for evidence of neurological injury. Injury characteristics from this review for the TBI group are provided in [Table 1](#t0005){ref-type="table"}. Due to the multifocal nature of TBI and frequent presence of extensive shear injury, individuals were included who met injury criteria regardless of lesion location. Shear injury was identified by the presence of prominent hypointense foci on susceptibility weighted pulse sequences representing the superparamagnetic blooming artifact of hemosiderin deposition secondary to petechial hemorrhage typically found at grey--white matter interfaces.

### 2.2.1. Reading outcomes {#s0060}

Reading subtests from the Woodcock--Johnson Tests of Achievement -- Third Edition (WJ-III) were administered ([@bb0405]). The WJ-III is a nationally standardized, broad measure of academic achievement. The Letter-Word subtest is an untimed measure of word reading accuracy. The Reading Fluency subtest is a timed measure that requires the child to read a sentence which is either clearly true or clearly false and circle yes or no to the sentence. Standardized scores were used which have a mean of 100 and standard deviation of 15.

The Test of Word Reading Efficiency (TOWRE) is a timed measure of rapid word identification (Sight Word subtest) and rapid phonemic decoding of non-words (Phonemic Decoding subtest; [@bb0360]). It is a measure of fluent, efficient word-level reading. Standardized scores were used which have a mean of 100 and standard deviation of 15.

The Gray Oral Reading Tests -- 4th Edition (GORT-4) evaluated fluency and comprehension based on oral reading of passages of meaningful text ([@bb0385]). Scores from this measure include an overall Fluency composite, calculated as a linear combination of performance on Speed and Accuracy scores, and a Comprehension score. Scaled scores were used which have a mean of 10 and standard deviation of 3.

### 2.2.2. Imaging parameters {#s0065}

All MRIs were performed on a Philips 3 T scanner using an eight-channel phase array head coil. Sagittal 3D T1 and T2-weighted acquisitions were obtained in addition to an axial DTI sequence. The DTI sequence consisted of a single-shot spin-echo diffusion sensitized echo-planar imaging sequence with the following parameters: 21 non-collinear equally distributed diffusion encoding directions (e.g., Icosa21; [@bb9000]); repetition time/echo time = 6100/84 ms; b = 0, and 1000 s/mm2; field-of-view = 240 × 240 mm2; matrix = 256 × 256; slice thickness = 3.0 mm; in-plane pixel dimensions (x,y) = 0.94,0.94; acceleration factor = 2; the sequence was repeated twice and averaged with a total scan time of approximately 7 min.

### 2.2.3. Processing {#s0070}

Tract-based spatial statistics (TBSS) is a relatively recent method for estimating and comparing white matter pathway integrity ([@bb0320]). This data-driven approach for identifying and standardizing white matter pathways allows for estimation of diffusion metrics within large white matter bundles and has been employed in the study of dyslexia to identify pathways associated with reading deficits ([@bb0260]). TBSS has also been employed to identify areas of significant white matter disruption in TBI ([@bb0255], [@bb0265], [@bb0390]). The findings of these studies indicate that there is widespread disruption of white matter following TBI and that TBSS analyses can identify pathways associated with loss of cognitive functions.

Voxelwise statistical analysis of the FA and MD data was carried out using TBSS, part of the FSL software package ([@bb0325], [@bb0320]). First, FA images were created by fitting a tensor model to the raw diffusion data using FDT, generating primary, secondary, and tertiary eigenvalues from the three primary, secondary, and tertiary eigenvectors, respectively. FA and MD values were automatically derived for each voxel from this data. All participants\' FA data were then aligned into a common space using the nonlinear registration tool FNIRT ([@bb0015]). Next, the mean FA image was created and thinned to create a mean FA skeleton which represents the centers of all tracts common to the group. Each subject\'s aligned FA and MD data was then projected onto this skeleton and the resulting data fed into voxelwise cross-subject statistics.

TBSS relies on standardization of white matter skeletons to a study template. However, due to the significant neurological variability introduced by severe traumatic brain injury, registration is not always successful, particularly in injuries involving significant bleeds or mass effect. Failure to investigate the white matter skeleton registration may result in artificially depressed white matter integrity measures of the pathways under investigation. To ensure that included participant skeletons were properly aligned, each registration was manually reviewed by a researcher (CPJ). Individual review of the skeletonized white matter pathways of all participants resulted in 14 participants being removed due to poor alignment to the study template. This left a final pool of participants that included 27 OI and 29 TBI cases.

Probabilistic tracts derived from the Johns Hopkins University white-matter tractography atlas were overlaid onto each brain and masks were derived by thresholding the probability of white matter paths at FA values of 0.2 and then applied to the FA skeleton and summarized to generate FA and MD values for each of the tracts of interest in the left hemisphere ([@bb0150]; see [Fig. 1](#f0005){ref-type="fig"}). Left-hemisphere metrics were used for all participants regardless of dominant handedness. Despite the presence of left-hand dominant individuals in both groups, the decision to use left-hemispheric pathways was based on the tendency for language to be left-hemisphere lateralized regardless of handedness ([@bb0300]) and in the interest of reducing Type I error rates. Using this approach, FA and MD values of the inferior fronto-occipital fasciculus, superior longitudinal fasciculus, and cingulum bundle values were all summarized and extracted from the white matter skeleton. These values were then exported to SAS 9.3 for further analysis.

2.3. Statistical analyses {#s0075}
-------------------------

### 2.3.1. Group differences in reading and TBSS {#s0080}

Group comparisons of demographic information and reading performance were accomplished using chi-square and t-tests. Age-normed, standardized scores were used for all reading measures. Distributions of variables were assessed for significant outliers. One participant was removed as an outlier on reading fluency measures. FA values are reported as a ratio of relations between eigenvalues (ranging from 0 to 1) and MD values are reported in millimeters squared per second (mm^2^/s). To evaluate group differences in the spatial distribution of FA values along the TBSS white matter skeleton a threshold-free cluster enhancement t-test (corrected for multiple comparisons) was conducted using FSL\'s randomise statistical function.

Following the TBSS analysis for group differences, mean values for each DTI metric were extracted from each of the 3 left hemisphere tracts of interest (superior longitudinal fasciculus, inferior fronto-occipital fasciculus, and cingulum bundle) and exported to SAS for further statistical analyses. Group differences on DTI metrics were investigated using general linear models after covarying for the effects of age.

### 2.3.2. Relation of reading abilities to pathway integrity {#s0085}

To address the first aim of the study, three general linear models were developed to test whether the superior longitudinal fasciculus and inferior fronto-occipital fasciculus predicted reading outcomes at the word level as measured by the WJ-III Letter-Word subtest, TOWRE Sight Word subtest, and the TOWRE Phonemic Decoding subtest. Due to its relation with reading ability, maternal education was included as a covariate. Initial models included group membership, maternal education, both pathways, and the interaction of each pathway with group on each of the three word-reading measures. Non-significant interactions were removed and re-run to form the final models. All general linear models were generated using the SAS implementation of the GLM procedure, which uses the method of least squares to fit the models.

General linear models were also used to test whether any of the three pathways (superior longitudinal fasciculus, inferior fronto-occipital fasciculus, and the cingulum bundle) predicted reading fluency and reading comprehension as measured by the WJ-III Reading Fluency subtest, GORT-4 Reading Fluency composite, and the GORT-4 Comprehension score. Initial models included group membership, maternal education, the three pathways of interest, and the interactions of those pathways with group. Non-significant interactions were removed and re-run to form the final models.

### 2.3.3. Effect size {#s0090}

Measures of effect size, which are less influenced by sample size than are p values, were included to index the strength or magnitude of findings ([@bb0100], [@bb0210]). Cohen\'s d is commonly used for t-tests and was calculated to provide an estimate of the magnitude of group differences on reading measures. Partial eta squared was used to estimate effect sizes based on general linear models examining group differences in pathway TBSS metrics and in models relating pathway metrics to reading performance.

3. Results {#s0015}
==========

The final sample of included participants did not differ from those excluded in terms of age at scan, t(114) = 0.55, p = 0.59, nor in terms of maternal education, t(114) = 0.28, p = 0.78. However, the TBI participants excluded from the study had significantly more severe injuries than those who remained based on Glasgow Coma Scale (GCS; [@bb0355]) scores, t(59) = 3.35, p \< 0.01. The TBI group contained 12 complicated mild or moderate injuries and 17 severe injuries following classification methods used by [@bb0205].

Demographic information and injury-related variables for TBI and OI groups are provided in [Table 2](#t0010){ref-type="table"}. While groups did not differ by sex or handedness, the TBI group was significantly older than the OI group. There were no differences in maternal education or WASI IQ. TBI severity was classified via the GCS. Injury severity for all participants was classified via the Injury Severity Scale ([@bb0020]). The TBI group had significantly higher Injury Severity Scores than the OI group ([@bb0020]). The TBI group also had more motor vehicle collisions than the OI group.

3.1. Group differences in reading and TBSS {#s0095}
------------------------------------------

The TBI group performed more poorly than the OI group on several reading measures ([Table 3](#t0015){ref-type="table"}). The untimed word reading measure (WJ-III Letter-Word) and the GORT-4 reading comprehension score did not differ significantly between groups. Word reading fluency (TOWRE scores) was significantly lower and trends were noted for text reading fluency (WJ-III Reading Fluency; GORT-4 Reading Rate) to be lower in the TBI than OI group (p = .05). Except for comprehension, Cohen\'s *d* indicated medium group effect sizes for most reading measures, consistent with average scores in the TBI group falling about 13 to 24 percentile points lower than in the OI group.

TBSS-based t-tests of group differences in FA along the white matter skeleton revealed significant differences throughout major white matter pathways of the brain. Consistent with previous reports in the published literature, these results from a whole-brain analysis reflect a pattern of diffuse white matter injury characteristic of TBI patients. The spatial distribution of significantly different voxels is highlighted for each of the 3 tracts of interest in the left hemisphere in [Fig. 1](#f0005){ref-type="fig"}.

Mean values for FA and MD were extracted from the superior longitudinal fasciculus, inferior fronto-occipital fasciculus, and cingulum bundle in the left hemisphere. GLM analyses run in SAS were used to test a priori hypotheses about the impact of TBI on pathway integrity. On all 3 pathways of interest, the TBI group had significantly lower FA than the OI group; in contrast, MD values did not differ between groups. Statistical tests and effect sizes for group differences are summarized in [Table 4](#t0020){ref-type="table"}. Notably, the effect sizes for FA ranged from small (cingulum bundle & superior longitudinal fasciculus) to medium (inferior fronto-occipital fasciculus). Group accounted for from 7 to 18% of variability in pathway FA. Effect sizes for group differences in MD ranged from negligible (cingulum bundle) to small (inferior fronto-occipital fasciculus & superior longitudinal fasciculus).

3.2. Relation of reading abilities to pathway integrity {#s0100}
-------------------------------------------------------

Prediction of single word decoding. General linear models examined group membership, FA values extracted from pathways hypothesized to support word decoding, and their interaction in relation to the standardized word reading measures after covarying for maternal education. [Table 5](#t0025){ref-type="table"} contains the statistical results and effect sizes for each analysis and the interaction effects are illustrated in [Fig. 2](#f0010){ref-type="fig"}. The inferior fronto-occipital fasciculus FA did not predict performance on any of the three measures in either group and the effect sizes were negligible. Although the main effect of the superior longitudinal fasciculus was not significant, the interaction between group and FA significantly predicted untimed word reading performance on the as well as timed sight word-reading and timed phonemic decoding on the TOWRE.

Prediction of fluency and comprehension. Neither the inferior fronto-occipital nor superior longitudinal fasciculi predicted fluency for reading sentences or connected text. There was an interaction effect between group and FA of the cingulum bundle in predicting both silent and oral reading fluency performance. This interaction indicates that lower FA of the cingulum bundle in the TBI group predicted lower reading fluency. The results of the general linear models for fluency and comprehension are presented in [Table 6](#t0030){ref-type="table"} and the interaction effects are illustrated in [Fig. 3](#f0015){ref-type="fig"}. No pathways predicted comprehension performance in either group.

4. Discussion {#s0020}
=============

Consistent with dual route models of reading and theoretical models of associated pathways ([@bb0070], [@bb0295]), the integrity of the superior longitudinal fasciculus was associated with word reading outcomes in the TBI group. Additionally, the integrity of the cingulum bundle, a pathway not typically associated with reading ability, was associated with reading fluency outcomes on multiple tasks of text reading. As far as we know, this is the first study to demonstrate specific white matter pathway integrity in TBI as a predictor of reading outcomes. Notably, most effects were found in the forms of interactions where normal variations in white matter integrity in the orthopedic group were not related to reading ability, but post-traumatic loss of integrity was associated with lower reading ability.

4.1. White matter pathways associated with word reading {#s0105}
-------------------------------------------------------

The first aim of this study was to test if reading ability following TBI could be predicted from patterns of white matter damage assuming a dual pathway model of reading ([@bb0070], [@bb0160], [@bb0295]). Under this model, it was expected that microstructural changes to the superior longitudinal fasciculus, a pathway associated with the dorsal, indirect route of phonemic decoding, would result in poorer phonemic decoding performance, while sparing sight word reading ability. Conversely, it was expected that microstructural changes to the inferior fronto-occipital fasciculus, a pathway associated with the ventral, direct route of sight word reading, would result in poorer sight word reading, particularly for common words with atypical grapheme--phoneme characteristics ([@bb0375]). In partial contrast to the proposed model, the current study found no relation between the inferior fronto-occipital fasciculus and word reading outcomes, but a relation between the FA of the superior longitudinal fasciculus and both direct and indirect route word-reading abilities.

Both the sight word and phonemic decoding tasks required oral responses, which may rely on connectivity of the superior longitudinal fasciculus to pre-motor areas of the frontal lobe, most notably the inferior frontal gyrus, which may explain the association between the superior longitudinal fasciculus and all word reading tasks. A second possibility is that disruptions in word reading following TBI are primarily related to efficiency of word reading, rather than accuracy of word reading. Support for this conclusion can be drawn from the group differences in reading ability which were more pronounced on timed word-reading measures. Therefore, following TBI, reduced microstructural integrity of the superior longitudinal fasciculus may primarily affect reading speed, rather than overall accuracy. However, it is also possible that models of normal reading and neurodevelopmental reading deficits are not adequate to illustrate the biological bases of word reading deficits in TBI. Specifically, it is unclear if the often diffuse damage characteristics of TBI can disrupt the established skill of grapheme--phoneme conversion, a reading system which never fully develops in a neurodevelopmental reading disorder (dyslexia) and is largely destroyed by focal injuries that result in acquired forms of dyslexia.

4.2. White matter pathways associated with reading fluency and comprehension {#s0110}
----------------------------------------------------------------------------

The second aim of the study was to determine if there were specific pathways associated with reading fluency and comprehension, areas of reading ability that tend to be impaired in TBI, particularly in children injured between the 5 to 15 year old age range of the study ([@bb0025]). Under investigation were pathways previously implicated in word reading, the superior longitudinal fasciculus and the inferior fronto-occipital fasciculus ([@bb0370]), and also the cingulum bundle, which has been implicated in executive function tasks requiring self-monitoring and self-pacing ([@bb0275]). In children with TBI, only the integrity of the cingulum bundle predicted fluent reading of connected text. Both oral and silent reading fluency tasks were sensitive to reduced integrity of the cingulum bundle. Both tasks also required efficient reading of text, requiring a speed-accuracy tradeoff to be performed by the participant to pace his or her own reading and ensure accurate reading of the sentences and passages presented. This more complex task of monitoring performance while reading seems to rely heavily on the integrity of the cingulum bundle, which has been implicated in inhibitory control, working memory, and self-monitoring in TBI ([@bb0395]) and with executive functioning in typically developing individuals across the lifespan ([@bb0275]). As far as we know, this is the first study to specifically implicate the cingulum bundle as a pathway related to reading fluency.

The relation of the cingulum bundle to reading fluency may also serve as a neuroanatomical biomarker separating classes of reading disorders. These findings support a neurological mechanism by which reading fluency might be impaired despite intact word reading accuracy. This may provide valuable information regarding the parsing of reading disabilities between those children with the word-level deficits of dyslexia and the speeded performance deficits seen in reading fluency disorders. As there are few neuroimaging studies investigating the neuroanatomical substrates of specific fluency impairment, the cingulum bundle may provide a starting point for investigating separable pathways that may be related to fluency ([@bb0120], [@bb0200]).

Additionally, reading fluency in the context of the current study relates to the speed and accuracy of reading text, which differs markedly from individual word reading, even when timed. This difference between content to be read has been related to separable cognitive processes in reading research ([@bb0185]). In particular, while reading fluency for words seems to be primarily driven by phonological processing and rapid automatized naming abilities, reading of syntactically related text is also associated with cognitive processes of inferencing and background knowledge ([@bb0185]). The independence of the cingulum bundle\'s relationship to fluency for text versus the speeded word reading task in this study may reflect the frontal lobe mediated function of inferencing, which has been demonstrated in fMRI of causal sentence reading ([@bb0195]).

Reading comprehension was not predicted by any of the pathways of interest. Additionally, reading comprehension did not differ between groups within this sample. This may be a consequence of the limitations associated with a recognition-based multiple choice format for reading comprehension ([@bb0170]). To better assess the relation of reading comprehension and TBI through white matter pathways, multiple tests of comprehension may be required, as the common tests of comprehension tend to correlate poorly ([@bb0085]). The current findings may also be a consequence of the reading comprehension construct. Reading comprehension is a complexly determined ability that is related to other abilities, including working memory, inferencing, processing speed, and language comprehension, which are supported by widespread neural networks that may be differentially supported by various pathways ([@bb0065], [@bb0120]). As a consequence, more work may be required to characterize the brain networks supporting reading comprehension and its underlying cognitive construct. Some recent evidence suggests that right hemisphere pathways may be involved in reading comprehension ([@bb0145])

4.3. Limitations and future directions {#s0115}
--------------------------------------

Several study limitations may temper the conclusions derived from the results. First, the sample size is small which reduces power to detect group differences. Small sample sizes are problematic in TBI where heterogeneity is seen in both neurological and cognitive outcomes. Second, the TBI group was significantly older than the OI group, which may minimize our ability to characterize relations between group and pathway integrity as predictors of reading performance. Third, TBSS analysis, for all its strengths, has limitations for application to populations with significant gross lesion load, such as severe TBI. As a consequence, scans of patients with the most severe injuries had to be eliminated from this analysis for failure to register to the study template. Therefore, the characteristics of this less severe sample may not be representative of TBI as a population. Finally, recent studies using DTI have indicated that segmentation of the superior longitudinal fasciculus may enhance identification of tissue that may be differentially related to outcomes ([@bb0270]). Conversely, the current TBSS method estimates the entirety of the white matter skeleton from anterior-to-posterior regions. Tractography methods will likely be required for adequate segmentation of pathways into neuroanatomically meaningful components.

TBI is associated with diffuse and heterogeneous injury across pathways. This heterogeneity may obscure relations of reading performance with pathways commonly associated with different aspects of reading in other populations. In addition, our finding that microstructure of the cingulum bundle predicted reading fluency may be related to the widespread axonal injury and concomitant slowed processing speed that are common consequences of TBI rather than to a specific relationship with reading fluency. Future studies may wish to explore the relation of cognitive processes, such as working memory and processing speed, which have been associated with the cingulum bundle, to reading fluency through the integrity of the cingulum bundle. Extension of the relation between the cingulum bundle and reading fluency in other populations may also elucidate whether this association is unique to the TBI population or a characteristic of reading fluency deficits in general. The impact of the age difference across groups on the findings is unclear as mean differences in FA between the groups occur in the opposite direction that age differences would imply; even though the TBI group was older, their FA values were lower than those of the OI group. As such, a replication of this study with a larger sample and longitudinal reading assessments would allow for closer study of the effect of age as it interacts with pathway integrity and components of reading. Longitudinal models could help shed light on mechanics underlying reading skill recovery or, alternatively, failure to develop new skills at age appropriate rates.
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![TBSS Results. White matter skeleton appears in green. The cingulum bundle (pink), superior longitudinal fasciculus (blue), and inferior fronto-occipital fasciculus (yellow) regions from the Johns Hopkins University atlas are illustrated. Clusters where OI group FA is significantly greater than the TBI group (p \< 0.05, multiple comparison correction) appear red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr1){#f0005}
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###### 

Injury characteristics from radiological review of the traumatic brain injury (TBI) group.

  Age in years   Imaging findings   Hemisphere   Regions implicated              Encephalomalacia   Shear injuries
  -------------- ------------------ ------------ ------------------------------- ------------------ ----------------
  6              Yes                Left         Temporal, parietal, occipital   No                 Yes
  7              Yes                Bilateral    Frontal                         Yes                Yes
  7              No                                                                                 
  8              No                                                                                 
  8              No                                                                                 
  9              No                                                                                 
  9              No                                                                                 
  9              No                                                                                 
  10             Yes                Bilateral    Extensive                       No                 Yes
  10             Yes                Bilateral    Frontal                         Yes                Yes
  10             Yes                Left         Frontal, parietal               No                 Yes
  10             Yes                Left         Extensive                       Yes                Yes
  11             No                                                                                 
  11             No                                                                                 
  11             Yes                Bilateral    Extensive                       No                 Yes
  12             No                                                                                 
  12             Yes                Left         Temporal                        Yes                No
  12             No                                                                                 
  12             Yes                Bilateral    Frontal, temporal               Yes                No
  13             No                                                                                 
  13             Yes                Bilateral    Extensive                       No                 Yes
  13             No                                                                                 
  14             No                                                                                 
  14             Yes                Bilateral    Extensive                       No                 Yes
  15             No                                                                                 
  15             Yes                Bilateral    Frontal                         Yes                No
  15             Yes                Left         Frontal, temporal, parietal     Yes                No
  15             Yes                Bilateral    Extensive                       Yes                Yes
  16             Yes                Right        Frontal, parietal               No                 Yes

###### 

Group differences between orthopedic injury (OI) and traumatic brain injury (TBI) groups.

  Demographics                                                        Orthopedic group    Traumatic brain injury group   Statistics   
  ------------------------------------------------------------------- ------------------- ------------------------------ ------------ ------
  N                                                                   27                  29                                          
  Gender (% male)                                                     56                  72                             1.73         0.19
  Dominant Hand (% right)                                             85                  93                             0.92         0.34
                                                                                                                                      
                                                                                                                         *t(54)*      *p*
  Age at Scan (mean \[SD\])                                           10.1 \[2.71\]       11.8 \[2.74\]                  2.39         0.02
  Maternal Education (mean \[SD\])[⁎](#tf0005){ref-type="table-fn"}   13.8 \[3.65\]       12.8 \[4.74\]                  0.84         0.41
  WASI IQ (Mean \[SD\])                                               107.0 \[13.63\]     103.0 \[11.57\]                1.19         0.24
  Injury Severity Score (mean \[SD\])                                 6.33 \[2.54\]       21.62 \[10.90\]                7.34         0.00
  Days From Injury to Scan (mean \[SD\])                              115.93 \[102.67\]   103.93 \[46.25\]               0.57         0.57
  Days From Injury to Test (mean \[SD\])                              374.96 \[39.092\]   383.52 \[37.829\]              − 0.83       0.41
                                                                                                                                      

  ----------------------------------------------- ---- ---- -- --
  Cause of injury (N)                                          
   Assault                                        0    1       
   Fall                                           11   5       
   Motor vehicle accident                         1    17      
   Pedestrian struck                              8    4       
   Sports or play                                 7    2       
  Glasgow outcome score-1 year after injury (N)                
   1 -- good outcome                              26   19      
   2 -- moderate disability                       1    10      
  Lowest GCS score (N)                                         
   3 -- 8                                              17      
   9 -- 12                                             9       
   13 -- 15                                            3       
  ----------------------------------------------- ---- ---- -- --

As classified by the [@bb0140].

###### 

Group differences on standardized reading measures.

  Reading measures M \[SD\]      Orthopedic group   Traumatic brain injury group   Statistics          
  ------------------------------ ------------------ ------------------------------ ------------ ------ ------
  WJ-III Letter-Word             102.9 \[10.06\]    98.7 \[11.32\]                 1.45         0.08   0.39
  WJ-III Reading Fluency         103.2 \[14.12\]    96.8 \[12.72\]                 1.65         0.05   0.44
  TOWRE Sight Word               102.2 \[12.54\]    94.1 \[12.24\]                 2.44         0.01   0.65
  TOWRE Phonemic Decoding        97.96 \[13.91\]    91.55 \[12.09\]                1.84         0.04   0.49
  GORT-4 Reading Rate            10.4 \[3.04\]      9.0 \[3.08\]                   1.72         0.05   0.46
  GORT-4 Reading Accuracy        9.4 \[2.53\]       8.2 \[2.77\]                   1.64         0.05   0.44
  GORT-4 Reading Comprehension   10.4 \[3.51\]      9.7 \[2.65\]                   0.82         0.21   0.22

Note: Significance values based on single-tailed t-tests. *d* = Cohen\'s *d*.

###### 

Group differences in pathway microstructure after controlling for age.

  -----------------------------------------------------------------------------------------------------------------------
  DTI Metric\                            Orthopedic Group   Traumatic brain injury group   Statistics              
  and Pathway M \[SD\]                                                                                             
  -------------------------------------- ------------------ ------------------------------ ------------ ---------- ------
  **FA Measures**                                                                                                  

  Cingulum Bundle                        0.528 \[0.042\]    0.515 \[0.037\]                4.06         0.05       0.07

  Inferior Fronto-Occipital Fasciculus   0.511 \[0.023\]    0.492 \[0.027\]                11.61        \< 0.001   0.18

  Superior Longitudinal Fasciculus       0.454 \[0.020\]    0.445 \[0.028\]                4.34         0.04       0.08

                                                                                                                   

  **MD Measures x 10^3^**                                                                                          

  Cingulum Bundle                        0.773 \[0.047\]    0.767 \[0.029\]                0.48         0.49       0.01

  Inferior Fronto-Occipital Fasciculus   0.814 \[0.049\]    0.821 \[0.036\]                2.35         0.13       0.04

  Superior Longitudinal Fasciculus       0.777 \[0.057\]    0.780 \[0.037\]                2.01         0.16       0.04
  -----------------------------------------------------------------------------------------------------------------------

###### 

General Linear Models of White Matter Pathways Predicting Word Reading.

                                  WJ-III Letter-Word   TOWRE Sight Word   TOWRE Phonemic Decoding                                      
  ------------------------------- -------------------- ------------------ ------------------------- ------ ------ ------ ------ ------ ------
  Maternal Education              5.34                 0.03               0.09                      4.37   0.04   0.07   2.88   0.10   0.05
  Group                           4.28                 0.04               0.07                      6.64   0.01   0.10   4.31   0.04   0.07
  Inferior Fronto-Occipital       0.02                 0.89               0.00                      0.38   0.54   0.01   0.28   0.60   0.00
  Superior Longitudinal           0.01                 0.93               0.00                      0.02   0.89   0.00   0.11   0.75   0.00
  Group x Superior Longitudinal   4.07                 0.05               0.07                      6.03   0.02   0.09   3.93   0.05   0.07

Note: These three models were not corrected for multiple comparisons.

###### 

General Linear Models of White Matter Pathways Predicting Fluency and Comprehension.

                              WJ-III Reading Fluency   GORT4 Fluency   GORT-4 Comprehension                                      
  --------------------------- ------------------------ --------------- ---------------------- ------ ------ ------ ------ ------ ------
  Maternal education          3.85                     0.06            0.06                   4.78   0.03   0.07   6.24   0.02   0.10
  Group                       6.03                     0.02            0.10                   8.12   0.01   0.12   0.55   0.46   0.01
  Cingulum                    3.03                     0.09            0.05                   7.65   0.01   0.11   1.04   0.31   0.02
  Inferior fronto-occipital   0.63                     0.43            0.01                   1.45   0.23   0.02   2.59   0.11   0.04
  Superior longitudinal       0.00                     0.99            0.00                   0.77   0.38   0.01   0.63   0.43   0.01
  Group x cingulum            5.58                     0.02            0.09                   7.53   0.01   0.11   --     --     --

Note: these three models were not corrected for multiple comparisons.
